Abstract. Insulin is a hormone crucial to metabolism and an essential growth factor for normal and neoplastic tissues. We have now determined insulin in extracts of 23 primary breast cancer specimens and of non-neoplastic breast tissues by a chemiluminescent immunoassay. Remarkably, insulin was measured only in grade 3 tumors, whereas grade 2 carcinomas and the normal mammary gland were each insulin-negative. We also performed immunohistochemistry for insulin-degrading enzyme (IDE), a cytoplasmic zinc metalloprotease belonging to the inverzincin family and participating in insulin cleavage. IDE was detected in most insulin-positive grade 3 carcinomas, indicating that it might be dysfunctional in these anaplastic tumors. IDE was equally present in the insulin-negative grade 2 carcinomas. Moreover, five grade 3 carcinomas and one grade 2 carcinoma displayed a loss of heterozygosity in the 10q chromosomal region harboring the IDE gene, but, despite these alterations, IDE was detected immunohistochemically, indicating a retention of the second allele. Compared to the expression of IDE in 92% of the tumors examined, only 57% of 21 normal breast specimens stained positively for IDE. In contrast to this increase in IDE-positive epithelial cells in breast cancer vs. normal breast, additional immunohistochemical analysis of 17 node-positive breast carcinomas and corresponding tumor-bearing lymph nodes showed that IDE expression decreases from primary tumor to lymph node metastasis. Altogether, this study represents the first demonstration of IDE in normal and neoplastic human mammary tissues. Our present report should also provide an experimental starting point towards exploring a potential role of IDE in the control of tumor progression.
Introduction
Breast cancer is the most prevalent neoplasia in women (1) . Despite considerable progress over the past decade in the understanding of the pathogenesis of this disease, its molecular basis remains to be fully elucidated. Towards this goal, the longstanding investigation of various growth factors and their receptors has yielded important insights that have meanwhile led to initial therapeutic applications (2) . Among these growth factors, insulin is of crucial importance. Insulin is able to promote the proliferation of human breast cancer cells (3, 4) and has been demonstrated to be present in human mammary tumors (5) , specifically either in the cytoplasmic or the nuclear compartment (6) . Elevated blood levels of insulin have been shown to be associated with an adverse prognosis in early-stage breast cancer (7) .
One mechanism by which insulin conveys its growth regulatory signals is by interacting with the cell membranebound insulin receptor which in turn transmits the insulin signal further to the nucleus by means of intermediary protein cascades (8) . A second pathway involves the internalization of insulin and its subsequent direct association with nuclear structures (9, 10) . Meanwhile, evidence has emerged (11) (12) (13) (14) suggesting that the internalized insulin achieves a major impact on growth by binding and thereby inactivating the nuclear tumor suppressor retinoblastoma protein (RB).
The intracellular, and most likely also the extracellular, turnover of insulin is tightly regulated by insulin-degrading enzyme (IDE), a both cytosolic and cell membrane-associated thiol-and zinc-dependent metalloprotease, which was cloned in 1988 (15) . As a result of its proteolytic activity, IDE is able to interfere with the translocation of insulin from the cytosolic compartment to the nucleus and thus with its action in the nucleus (16) . Specifically, cytosolic IDE reduces the amount of insulin translocating to the nucleus by cleaving it in a zinc ion-dependent manner since the inhibition of IDE by a zinc chelator increases the amount of nuclear insulin (16) . Perhaps even more importantly, the long arm of chromosome 10 which harbors the human IDE gene (17) has been found to display deletions in many human tumors (18) . In fact, it has been suggested that in some tumors with a 10q deletion or 10q loss of heterozygosity (LOH), respectively, it is not the PTEN tumor suppressor which is affected, but an as yet unknown tumor suppressor (19, 20) .
These considerations prompted us to investigate IDE both at the gene and the protein levels in human breast cancer. To this end, we performed immunohistochemical staining for IDE in normal vs. malignant mammary tissues, determined corresponding tissue insulin levels and analyzed the intratumoral IDE gene locus.
Materials and methods
Tissue collection. We studied tissue specimens of 21 normal mammary glands obtained from breast reduction surgery and of 23 primary breast carcinomas from patients treated at the Department of Gynecology and Obstetrics, Klinikum rechts der Isar, Munich, Germany, in the period 2001-2004, specifically 14 (poorly differentiated) grade 3 (G3) tumors, 8 (moderately differentiated) grade 2 (G2) tumors, and 1 (well-differentiated) grade 1 tumor (G1). In addition, tissue specimens of 17 node-positive G3 breast carcinomas and their corresponding tumor-bearing lymph nodes obtained from the same patients were investigated.
Determination of insulin by chemiluminescent immunoassay.
Insulin was determined by means of a chemiluminescent immunoassay (CLIA) kit (Immulite ® , Diagnostic Product Corporation, CA, USA) specific for human insulin in both non-malignant breast and breast carcinoma tissue detergent extracts (1% Triton X-100) which were prepared as previously described (21) . According to the manufacturer's specifications, this CLIA kit has yielded a median insulin value of 8.9 μ/IU or 0.37 ng/ml and a lower 95% range of up to 28.4 μ/IU or 1.18 ng/ml for the serum of fasting healthy volunteers and possesses an analytical sensitivity of 2 μ/IU or 0.083 ng Table I . Characterization of 23 breast carcinomas with regard to patient age, patient menopausal status, steroid hormone receptor status (classified according to the Remmele score on a scale from 0 to 12), HER2 status (on a scale from 0 to 3+), the TNM classification as well as nuclear differentiation grade (G) of the respective tumors. 
insulin/ml. Considering an average plasma protein level of approximately 75 mg/ml in healthy adults, the test's sensitivity for insulin is 0.001 ng insulin/mg protein.
Immunohistochemical evaluation of IDE in normal and malignant breast tissue specimens. Formalin-fixed, paraffinembedded specimens (of normal kidneys, normal mammary glands, node-negative primary breast carcinomas as well as node-positive primary breast carcinomas and their corresponding tumor-bearing lymph nodes) were drawn at random from the archives of the Institute of Pathology of the Technical University of Munich (Germany). Immunohistochemical staining for IDE was performed as follows: first, the sections were deparaffinized and hydrated by passing them through xylene twice for 10 min and a graded series of ethanol from 100% ethanol twice for 5 min to 96% ethanol once for 5 min and finally to 70% ethanol for 5 min. At this point, we did not recur to antigen retrieval by pressure cooking, given that we employed a biotin-based detection kit (cf. below), and in such an experimental setting pressure cooking, which is known to expose endogenous biotin molecules, could have led to falsely positive results, as shown before (22) . After a 5-min washing step in Tris-buffered saline (TBS) at room temperature (RT) including buffer change, endogenous peroxidase activity was quenched by incubating the slides with a 3% hydrogen peroxide solution at RT for 15 min. Subsequent to another 5-min washing step in TBS at RT including buffer change, the slides were incubated at 4˚C overnight with a rabbit polyclonal antibody raised against recombinant full-length human IDE (23) that had been diluted 1:200 in antibody diluent (S2022, Dako, Hamburg, Germany). According to the manufacturer, this diluent has the property of reducing non-specific antibody binding. The procedure then resumed the next day with a 5-min washing in TBS at RT including buffer change. Subsequently, a biotinstreptavidin-peroxidase-based detection kit (K5003, Dako) was used whereby incubations with the biotinylated secondary antibody and the streptavidin-peroxidase were performed at RT for 20 min each with a 5-min washing step in between. After another identical washing step, the slides were incubated with the chromogen AEC (K3464, Dako) at RT for 3 min. After a final washing step, nuclei were counterstained in Mayer's acid hematoxylin for 10 sec, then the slides were rinsed under running tap water, transferred to distilled water and mounted with Kaiser's glycerol gelatin (Merck, Darmstadt, Germany). IDE-expressing normal kidney, specifically the tubules but not the glomeruli, served as a positive control.
LOH analysis of the intratumoral 10q23 region. DNA was extracted from tumor tissue specimens according to the manufacturer's instructions (QIA amp DNA Mini Kit, Qiagen) and subsequently analyzed using the polymerase chain reaction (PCR) method to evaluate whether these malignancies display a loss of heterozygosity (LOH) at the 10q23 genetic locus to which the human IDE gene has been mapped (24) . To this end, the genetic markers D10S1173, D10S583 and D10S1755 closely flanking the human IDE gene were employed.
Results

Determination of insulin in breast carcinomas by chemiluminescent immunoassay.
By means of a CLIA specific for human insulin, we determined the levels of insulin in detergent extracts prepared from 23 primary breast carcinoma tissues (Table I) . Thirteen out of 14 (93%) of the grade 3 neoplastic tissues displayed measurable insulin levels (Table II) . By contrast, none of the grade 2/1 tumors contained detectable insulin (Table II) . Moreover, non-malignant mammary tissues (normal breast, mastopathy and mammary fibrosis) did not contain any detectable insulin either (data not shown). ----------------------------------------------- 
IDE immunohistochemistry in normal and
, below detection limit (of insulin CLIA assay). HC staining intensity was categorized as negative (-), weak (+), moderate (++) or strong (+++); LOH, loss of heterozygosity; ROH, retention of heterozygosity.
-
examined the expression pattern of IDE in 21 normal human breast tissues. Thereby, normal human kidney (Fig. 1A) and skin (Fig. 1C) sections were used for IDE-positive controls. Overall, we detected IDE only in the cytoplasmic compartment, yet not in the nucleus of epithelial cells ( Fig. 2A and C) . Moreover, we found a variable staining pattern whereby a focal epithelial expression of IDE was predominant ( Fig. 2A) . Of the 21 specimens investigated, 12 were IDE-positive (57%) whereby the epithelial cell layer displayed staining heterogeneity with stained and unstained cells being interspersed ( Fig. 2A and C) . The remaining 9 specimens (43%) were entirely IDE-negative (Fig. 2B) .
We then performed immunohistochemistry for IDE on sections from the 23 primary human breast cancer tissue specimens in which insulin had been determined (Tables I  and II) . In contrast to our findings in the normal breast tissues, the vast majority (22 out of 23 or 92%) of these carcinomas were positive for cytoplasmic, yet not nuclear IDE (Fig. 3) . Furthermore, IDE staining could be observed in all cells of the epithelial cell layer and, moreover, displayed a largely homogeneous staining pattern (Fig. 3) . The remaining two grade 3 tumor specimens (8%) were uniformly IDEnegative. Particularly illustrative for the difference in IDE staining between normal and malignant breast epithelia is one of the breast cancer specimens we have stained since it Figure 1 . Immunohistochemical demonstration of IDE in formalin-fixed, paraffin-embedded normal kidney (A) whereby tubules were IDE-positive (black arrow) and glomeruli IDE-negative (red arrow) and in normal skin (C) with strong IDE staining in the stratum corneum (arrow) and moderate to weak IDE staining in the remaining skin layers. Incubating kidney sections without the primary IDE-directed antibody yielded the negative control (B). Magnification x200. Figure 2 . Immunohistochemical demonstration of IDE in formalin-fixed, paraffin-embedded normal breast (A and C) whereby focal expression (arrow) was seen most frequently (A). Some breast specimens, however, were entirely IDE-negative (B). Incubating corresponding normal mammary gland sections without the primary IDE-directed antibody yielded negative controls (data not shown). Magnification x200. reveals the presence of IDE-positive cancer cells next to IDEnegative normal breast duct epithelia (Fig. 4) . We also stained specimens from 17 node-positive breast carcinomas and their corresponding tumor-bearing lymph nodes. Thereby, we observed a tendency towards a decrease of IDE expression from primary tumor to tumor cells present in the corresponding lymph nodes (Fig. 5A vs. B and C vs. D) .
Genetic analysis of the 10q23 locus. The above 23 tumors were also subjected to a PCR-based analysis of the 10q23 chromosomal locus to which the human IDE gene had previously been mapped in order to check for the presence of an LOH defect in this area. These samples were matched against tumor-free lymph nodes from the respective patients. Interestingly, we found that 5 of the 14 (36%) grade 3 carcinomas displayed an LOH of the 10q23 genetic locus (Table II) . By contrast, only 1 out of the 9 grade 2/1 carcinomas (11%) showed an LOH in the 10q23 chromosomal region (Table II) .
Discussion
Zinc metalloproteases are an important class of proteolytic enzymes (25) . Among these proteins, the family of zincins defined by the HEXXH amino acid motif comprises enzymes with various functions such as peptide bond-forming thermolysins important for the life cycle of bacteria, the blood pressure-controlling angiotensin-converting enzymes and matrixins/matrix metalloproteinases (MMPs). MMPs are intimately involved in the process of carcinogenesis, in particular in tumor invasion and progression (26) . For instance, high expression levels of collagenase-1 (MMP-1) and stromelysin-1 (MMP-3) are known to be closely associated with cancer metastasis. By contrast, the distinct family of inverzincins is defined by the (inverted) HXXEH sequence motif (25) and mainly represented by IDE (insulysin), E. coli protease III/pitrilysin (15), NRD convertase/nardilysin (27) , falcilysin (28) , an inverzincin involved in the metabolism of the potentially lethal malaria parasite Plasmodium falciparum, and human metalloprotease 1 (29) . IDE has so far been implicated in the pathogenesis of Alzheimer disease (30) and, moreover, been examined in connection with insulin metabolism in normal and transformed cells (31), but has not yet been linked to any state of malignancy.
Therefore, a major aim of the present study was to start investigating the inverzincin IDE in breast cancer tissue specimens. We have now found an increased presence of IDE protein in neoplastic breast tissues (92%) vs. the normal mammary gland (57%). The overexpression of IDE in breast cancer tissues observed by us could be a compensatory (defensive) cellular reaction, similar to the overexpression of the well-established tumor suppressors p16 (32), p73 (33, 34) , nm23 (35) , p21 (36) , and maspin (37) in malignant vs. normal tissues. As such, it is conceivable that IDE expression is upregulated in response to an increase in the level of insulin, both inside the cancer cell and (subsequent to insulin secretion) in the extracellular tumor microenvironment, during the transition from a normal to a malignant cellular phenotype. This explanation is in accordance with previous data demonstrating that insulin-mediated stimulation of the insulin receptor-associated signaling cascade leads to IDE up-regulation which in turn acts as a negative feedback mechanism to dampen this growth-promoting pathway by increasing insulin degradation (38) . Interestingly, a compensatory role has previously been discussed for the maspin (39) and CTCF (40) candidate tumor suppressors.
This view is further supported by the insulin CLIA data obtained with our tissue extracts showing that, in keeping with a previous report on radioimmunoassay (RIA) determinations of insulin in normal and malignant breast tissues (5), the non-malignant breast tissues did not contain detectable insulin levels whereas the tumor tissues displayed measurable concentrations of this growth factor which were far above the assay's detection limit and may therefore explain the concomitant IDE overexpression we have observed by immunohistochemistry. Similar to these previous findings (5), the insulin-positive malignancies in our cohort had insulin levels which were considerably higher than those normally found in the serum of fasting healthy human individuals (cf. CLIA kit control values in Materials and methods), hence reflecting the measurement of genuine intratumoral insulin and thus not primarily of insulin stemming from the tumor's intravascular compartment.
More specifically, high levels of insulin were measured in all IDE-positive grade 3 breast carcinomas of our cohort except for one. Given the immunohistochemical presence of IDE in most of these cases, the concomitant presence of insulin suggests that IDE's capacity to degrade this growth factor was impaired in these tissues. This may have been due to high insulin levels surpassing IDE's enzymatic saturation or to posttranslational modifications of IDE interfering with its ability to degrade insulin. On the other hand, we could not detect any insulin in our grade 2/1 tumors. Since IDE staining was positive in all of these cases, it can be assumed that, in contrast to the above poorly differentiated grade 3 mammary neoplasias, these moderately differentiated grade 2 breast carcinomas as well as the well-differentiated grade 1 tumor contained functional IDE. Hence, our insulin CLIA data represent an interesting starting point for future studies that should address whether intratumoral insulin may serve as a novel cancer progression marker. Furthermore, we could not ascertain any relationship between the level of intratumoral insulin and the tumor's steroid hormone or HER2 receptor status.
Furthermore, we have detected several breast carcinomas with an LOH in the 10q23 chromosomal region to which the human IDE gene has been mapped (24) . The LOH percentage was considerably higher in the poorly differentiated grade 3 mammary tumors (36%) as compared to the better differentiated grade 2/1 breast tumors (11%), indicating that genetic defects in the portion of the 10q23 locus harboring the IDE gene may contribute to malignant progression. Our findings demonstrating IDE protein expression immunohistochemically despite the presence of an LOH in the 10q23 chromosomal region, specifically in five of the grade 3 breast carcinomas, could be due to a functional second allele, similar to the constellations found for the candidate tumor suppressor SIAH1 (41) and for point-mutated p53 (42) .
In our investigated series of specimens, there were also two grade 3 human breast carcinomas which displayed an absence of the IDE protein, as determined immunohistochemically.
This finding allows us to speculate that IDE may play a tumor suppressor role, at least in a small fraction of (poorly differentiated) breast cancers. This notion is reinforced by the observed decrease in IDE expression in node-positive breast cancer from primary tumor to (lymph node) metastasis. At this point, it is worth mentioning that our present immunohistochemical data on IDE in normal and malignant tissues parallel in an intriguing fashion those obtained with regard to the proapoptotic tumor suppressor Bax, the expression of which has equally been shown to increase from normal to tumor tissue and then to decrease from tumor to metastasis (43) .
It should also be noted that the potential function of the IDE protease as a tumor suppressor suggested here adds to the emerging concept according to which some proteases or peptidases, respectively, can assume the roles of tumor suppressors (44) (45) (46) (47) . In this context, a parallel could also be drawn between IDE and the tumor suppressor PTEN. Similar to PTEN which prevents the nuclear translocation of cyclin D and thus the ensuing cyclin D binding and inactivation of RB (48) , IDE may also keep the nuclear tumor suppressor RB in an active form by degrading insulin in the cytosol and consequently preventing it from translocating to the nucleus such that insulin cannot bind and inactivate RB.
Interestingly, we also found IDE expression in normal human skin whereby its predominant presence in the stratum corneum was reminiscent of the similar detection of another protease known to degrade insulin (49): human stratum corneum chymotryptic enzyme (SCCE), also named human tissue kallikrein 7 (hK7). Similar to IDE in our present study, hK7 has been shown to localize to the cytosol as well as to be overexpressed in cancer cells vs. normal cells (50) . Furthermore, the differential IDE expression we found in the normal human kidney strikingly paralleled that of yet another protease: urokinase-type plasminogen activator which converts the pro-enzyme plasminogen into its proteolytically active form plasmin (51) .
We have thus reported the first study on IDE in human (breast) malignancies as compared to normal tissues and thereby provided experimental clues to its putative tumor suppressor role. Future investigations will certainly have to examine in larger cohorts the validity of our present data. As such, it remains to be determined whether intratumoral IDE could also be used as a marker for breast cancer progression and thus add to the clinical value of lymph node staging, steroid hormone receptors and other established tumor biomarkers. Such a possibility appears likely not only in the light of the present findings, but also given the results of a previous study that has revealed that P-gp, a major protein mediating (anti-cancer) drug resistance, may bind and thereby inactivate IDE (52) .
